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membrane as compared with the cellulose membrane. Expo-Effect of vitamin E-bonded membrane on the 8-hydroxy
sure to cellulose membrane impaired intracellular ROS pro-29-deoxyguanosine level in leukocyte DNA of hemodialysis
duction of granulocytes in response to PMA challenge, whereaspatients.
the CL-E and synthetic membranes improved the granulocyteBackground. 8-Hydroxy 29-deoxyguanosine (8-OHdG) of
responsiveness to PMA. In the longitudinal cross-over study,leukocyte DNA has been identified as a surrogate marker of
the 8-OHdG level significantly decreased, and blood lipid-oxidative stress in chronic hemodialysis (HD) patients. In this
adjusted plasma a-tocopherol increased after switching thestudy, we focused on the determinants of the 8-OHdG level
cellulose membrane to CL-E or synthetic membrane for eightin leukocyte DNA of HD patients. We further investigated the
weeks. In contrast, the 8-OHdG level dramatically rose, andinfluence of vitamin E-modified, regenerated cellulose (CL-E)
blood lipid-adjusted plasma a-tocopherol declined after shiftmembrane on the oxidative DNA damage, intracellular reac-
of CL-E or synthetic membrane to the cellulose membrane.tive oxygen species (ROS) production of granulocytes, and
Conclusions. CL-E membrane exhibited biocompatible andplasma a-tocopherol concentration.
bioactive characteristics. Like synthetic membranes, treatmentMethods. 8-OHdG content in cellular DNA of leukocytes
with a CL-E dialyzer effectively reduced the 8-OHdG contentwas measured by a high-performance liquid chromatography-
in leukocyte DNA, suppressed intracellular ROS productionelectrochemical detection (HPLC-ECD) method. Intracellular
of granulocytes, and preserved the plasma level of vitamin E.production of ROS, H2O2 and O2x2 were analyzed by flow cytom-
It could further improve granulocyte responsiveness to a PMAetry in leukocytes with and without phorbol-12-myristate-13-
challenge. Reduced DNA damage and improved immune func-acetate (PMA) stimulation before dialysis, as well as at 15 and
tion of leukocytes may reduce the cancer and infection risks30 minutes of dialysis. Plasma a-tocopherol concentration was
in chronic HD patients.measured by a HPLC method, and the value of a-tocopherol
was corrected by total blood lipid concentration.
Results. In the prospective cross sectional study, the mean
8-OHdG level in leukocyte DNA was equally lower in the Several lines of evidence have indicated that hemodi-patients of the CL-E, polymethylmethacrylate (PMMA), and
alysis (HD) treatment may aggravate the oxidative stresspolysulfone (PS) groups as compared with the cellulosic group
reported in nondialyzed patients with end-stage renal(ANOVA, P , 0.001). The leukocyte 8-OHdG level correlated
negatively with plasma a-tocopherol and blood lipid-adjusted disease (ESRD) [1]. Complications observed in long-
plasma a-tocopherol, but correlated positively with serum iron standing HD, including atherosclerosis, dialysis-related
and percentage of transferrin saturation. Forward stepwise amyloidosis, and cancer, have been proposed to bemultiple regression showed that dialysis membrane type, serum
closely related to the oxidative damage elicited by reac-iron, and blood lipid-adjusted plasma a-tocopherol were the
tive oxygen species (ROS) [2–4]. Contact of blood withindependent determinants of the leukocyte 8-OHdG level in
HD patients. Like synthetic membranes, granulocyte ROS pro- the dialysis membrane activates oxygen metabolism of
duction was less augmented during dialysis with the CL-E phagocytes in the presence of complement activation
and cytokine release [5, 6]. Membrane bioincompatibil-
ity seems to play a central role in the increase of ROSKey words: oxidative stress, biocompatible membranes, chronic hemo-
dialysis, dialyzer membranes, infection risk. production. Therefore, HD patients are chronically ex-
posed to the oxidative stress as a result of a blood–Received for publication November 15, 1999
membrane interaction. HD has also been shown to de-and in revised form February 14, 2000
Accepted for publication February 21, 2000 crease antioxidant defenses, which results in an increased
need of HD patients for the supplementation of vitaminÓ 2000 by the International Society of Nephrology
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C, the main hydrophilic antioxidant of the body [7–9]. To elucidate the biocompatibility of CL-E membrane
and the protective role of vitamin E against ROS-in-Supplementation of vitamin E, the main lipophilic anti-
oxidant, has been reported to reduce the membrane lipid duced DNA damage, it is important to see whether CL-E
membrane could suppress the ROS production by acti-peroxidation of human red blood cells (RBCs), platelets,
and peripheral blood mononuclear cells [10–12]. More- vated granulocytes and modify the 8-OHdG generation
in HD patients. We measured the 8-OHdG content inover, therapeutic approaches based on oral or parenteral
administration of vitamin E have been shown to signifi- leukocyte DNA of peripheral blood by a high-perfor-
mance liquid chromatography-electrochemical detectioncantly ameliorate renal anemia in HD patients [10, 13].
Since HD continues to be a pivotal part of renal replace- (HPLC-ECD) method in the patients dialyzed with
CL-E membrane as compared with those with cellulose,ment therapy, membrane biocompatibility will still be an
important issue in the years to come. Biocompatible mem- polysulfone (PS), and polymethylmethacrylate (PMMA)
membranes. We also monitored the ROS production bybrane plays a major role in patients’ well-being and has
both short- and long-term clinical implications [14]. Under flow cytometric analysis in granulocytes after an in vivo
exposure to the four types of membranes. In addition,the continuous improvement of biomaterials, vitamin
E-modified cellulose (CL-E) membrane appears to be an the plasma level of vitamin E was determined to assess
the in vivo effect of dialysis membrane on the antioxidantinventive product among the newly developed and more
biocompatible dialyzers [15, 16]. Investigators showed status of HD patients.
that the modification of regenerated cellulose, where
hydrophilic polymer strongly bound with vitamin E and
METHODS
oleic alcohol coats the membrane surface, cannot only
Patients and study designreduce lipid peroxidation in plasma and RBCs but also
suppress the ROS production by leukocytes after in vitro This study contained two parts: a prospective cross-
sectional study and a randomized crossover study. Fromblood–membrane contact [17, 18]. As compared with
oral or parenteral administration route, the vitamin E December 1998 to May 1999, a total of 353 ESRD pa-
tients undergoing maintenance HD at four dialysis facili-coated on the CL-E membrane surface exhibits a specific
scavenging function against ROS generated by activated ties in the Taipei metropolitan area were eligible to par-
ticipate in the cross-sectional study. Only clinically stableneutrophils.
It has been reported that oxidative stress can induce patients with age of more than 20 years and on HD
protocols for more than three months before the studyDNA damage, such as base modifications [19] and strand
breaks [20]. Among the base modifications induced by were included. Patients were excluded if they had malig-
nancy, inflammatory or infectious diseases, the habit ofROS, 8-hydroxy 29-deoxyguanosine (8-OHdG) is one
of the most abundant oxidative DNA products. Many tobacco smoking, supplementation of vitamins C or E,
and medications such as oral or intravenous iron supple-studies have established that 8-OHdG is a novel marker
for the assessment of oxidative DNA damage in ROS- ments and angiotensin-converting enzyme inhibitors
three months prior to enrollment. Finally, the study pop-mediated diseases [21, 22]. Vitamin E has been shown
to protect DNA against oxidative damage and reduce ulation consisted of 110 patients (44 men and 66 women,
mean age of 60 years). The primary diagnoses associatedthe incidence of cancer in experimental animals [23–25].
Nowadays, only a few in vivo models have shown that with ESRD were diabetes (N 5 29) and disorders of
nondiabetic origins (N 5 81, 34% glomerulonephritis,vitamin E inhibits 8-OHdG generation in tissues induced
by oxidative damage [23, 26]. Moreover, the definitive evi- 15% interstitial nephritis, 16% hypertension, 10% lupus
nephritis, and 25% unknown causes). All of the patientsdence of its chemopreventive effect against the free radi-
cal-induced cancer development is still controversial [27]. had been dialyzed with the same type of HD membrane
for more than three months. They were treated withWe have developed the measurement of 8-OHdG con-
tent in leukocyte DNA as an indicator of oxidant-medi- single-use dialyzers equipped with the low-flux cellulose
membrane (cellulosic group; Terumo, Tokyo, Japan) inated DNA damage in ESRD patients. Our unpublished
data have shown that the 8-OHdG level was highest 41 patients, high-flux vitamin E-modifying multilayer cel-
lulose (CL-E group; Terumo, Tokyo, Japan) in 24 pa-in HD patients, followed by undialyzed patients with
advanced renal failure and by healthy controls, and was tients, high-flux PMMA (PMMA group; Toray, Tokyo,
Japan) in 25 patients, and high-flux PS (PS group; Fresen-increased in patients dialyzed with cellulose membrane
as compared with those with synthetic membranes. This ius, Borkenberg, Germany) in 20 patients, respectively.
Data obtained by a daily dietary record for three consec-suggests that the oxidative DNA damage is a conse-
quence of uremia, possibly amplified by bioincompatible utive days were used to estimate intake of vitamins C
and E for all patients before the investigation [28, 29].membranes. Hence, we concentrated in this study on the
determinants of 8-OHdG level in leukocyte DNA of the Twenty age- and sex-matched healthy individuals (8 men
and 12 women, mean age of 59 years) served as normalpatients treated with four different dialysis membranes.
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controls for comparing the 8-OHdG level with HD pa- and Bieri with some modifications [32]. An aliquot of
50 mL of internal standards (52.5 mg/L a-tocopheroltients.
From June 1999 to August 1999, 34 patients in the acetate in ethanol) and 100 mL of plasma were mixed
by vortexing for one minute. For extraction of lipids,cellulosic group randomly changed the cellulose mem-
brane to CL-E (N 5 12), PMMA (N 5 11), and PS (N 5 200 mL of HPLC-grade hexane were added. After mixing
for one minute, the mixture was separated by centrifuga-11) membranes for eight weeks in the crossover study.
Meanwhile, 32 patients randomly selected from the tion at 800 3 g for two minutes. The hexane layer was
withdrawn and evaporated by flushing with nitrogen gas.CL-E (N 5 11), PMMA (N 5 10), and PS (N 5 11)
groups also changed their membranes to cellulose mem- The residue was redissolved in 50 mL of filtered HPLC-
grade methanol. An aliquot of 20 mL of each samplebrane for eight weeks. Study parameters were measured
before as well as four and eight weeks after the switch was then injected into an mBondapak C18 column (3.9 3
300 mm; Kanto Chemical Co., Tokyo, Japan) and elutedof dialysis membrane. HD was performed three times a
week for four hours per session. Dialysate was of stan- at the flow rate of 1.2 mL/min with a mobile phase of
98% HPLC-grade methanol at room temperature. Thedard ionic composition, and bicarbonate was used as
buffer substrate in all cases. Dialysis machines were steri- detector wavelength was set at 290 nm, and the concen-
tration of a-tocopherol was calculated from a calibrationlized daily by 5% sodium hyperchloride and 5% acetic
acid and weekly by 4% peracetic acid and 26% hydrogen curve constructed with internal standards. The concen-
tration of total blood lipid was also measured for theperoxide. The water treatment circuit and tank were
sterilized weekly by 5% sodium hyperchloride. Colony adjustment of the value of a-tocopherol.
count of microorganisms in water used to prepare dial-
Measurement of 8-OHdG content in leukocyte DNAysis fluid did not exceed 200 CFU/mL [30]. The endo-
toxin level in the dialysate, detected weekly by an Total DNA of leukocytes was extracted by the pro-
nase/ethanol method [33] with some modifications. Nu-amebocyte lysate test (LAL; Chromogenix, Charleston,
SC, USA), was less than 0.01 EU/mL. The protocol was clear fractions were obtained by centrifugation at 1000 3
g for 10 minutes after gentle homogenization of leuko-approved by the Committee on Human Research at Tai-
pei Veterans General Hospital. Informed consent was cytes in 10 mL of 5 mmol/L Tris-HCl buffer (pH 7.6)
containing 1% Triton X-100, 320 mmol/L sucrose, andobtained from each of the study subjects.
10 mmol/L MgCl2. The nuclear fraction was resuspended
Laboratory measurements vigorously in 700 mL of SSC buffer (5 mmol/L sodium
citrate and 20 mmol/L sodium chloride, pH 6.5). AfterVenous blood samples were drawn at the start of a
dialysis session prior to administration of heparin after adding 200 mL of pronase E (20 mg/mL in SSC), 800 mL
of Sarcosyl (1.5% in 20 mmol/L EDTA, 20 mmol/L Tris-an overnight fast. Whole blood (10 mL) was withdrawn
into an ethylenediaminetetraacetic acid (EDTA)-con- HCl, pH 8.5), and 100 mL of 5% butylated hydroxytolu-
ene (BHT) in methanol, the mixture was incubated fortaining vacutainer tube. Blood was centrifuged in the
same tube at 1300 3 g and 48C for 15 minutes, and the six hours at 458C. After incubation, following the addi-
tion of 800 mL of TE buffer (10 mmol/L Tris-HCl, 1plasma was stored in 500 mL aliquots at 2708C until use.
The buffy coat fraction was collected from the interface mmol/L EDTA, pH 7.5) and 200 mL of 7.5 mol/L ammo-
nium acetate, cooled ethanol (2208C) was carefully addedbetween plasma and packed RBCs and transferred to a
20 mL centrifuge tube on ice. Hypotonic saline was up to 70% while mixing. Precipitated DNA was stored
overnight in 95% ethanol containing 0.01% BHT.added to lyze residual RBC. Leukocytes were collected
by centrifugation at 500 3 g for five minutes and frozen An aliquot of 100 mg DNA, which was dissolved in
200 mL of 10 mmol/L Tris-HCl (pH 8.5), was heated toat 2708C until use for determination of 8-OHdG content
in the cellular DNA. All assays were carried out on 1008C for 10 minutes and then cooled rapidly on ice.
After addition of 20 units of DNase I (Boehringer Mann-duplicate samples. Serum iron was measured using the
commercial kit by an autoanalyzer (Hitachi 736-60, heim, Mannheim, Germany) and 25 mL of 0.1 mol/L
MgCl2, the mixture was incubated for 30 minutes at 378CNaka, Japan), total iron binding capacity (TIBC) by the
TIBC Microtest (Daiichi, Tokyo, Japan), and serum fer- with gentle shaking. Heat-denatured DNA was hy-
drolyzed to nucleosides by two units of nuclease P1 (Boeh-ritin by a radioimmunoassay (Incstar, Stillwater, MN,
USA). Percentage of transferrin saturation was calcu- ringer Mannheim) at 378C for one hour in 20 mmol/L
acetate buffer (pH 4.8) containing 0.1 mmol/L ZnSO4.lated by dividing the serum iron value by TIBC 3 100.
It was followed by incubation with two units of alkaline
Assays of plasma ascorbate and a-tocopherol phosphatase in 50 mmol/L Tris-HCl (pH 8.0) at 378C
for 30 minutes. The hydrolysate was filtered throughPlasma ascorbate was measured with the method de-
scribed by Kyaw [31]. Plasma a-tocopherol concentra- Ultrafree C3TK (Millipore, Bedford, MA, USA) prior
to HPLC analysis to remove enzymes and other macro-tion was determined using the procedure of Catignani
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molecules. Nucleosides in the filtrate were separated by oxidation by H2O2). ROS production was then monitored
every 10 minutes on FACSort by measuring the intensitya reverse phase HPLC system (Hewlett Packard, Palo
Alto, CA, USA) equipped with a C18 column (4.6 3 of fluorescence emitted at 525 nm (FL1) for DCF and
590 nm (FL2) for EB. Data for each sample were calcu-250 mm; Waters Associates, Milford, MA, USA) and
eluted at the flow rate of 1.0 mL/min with a mobile phase lated by the CellQuestt software (Becton-Dickinson) on
a power Macintosh 6100/66 computer.of 8% methanol in 50 mmol/L potassium phosphate
buffer (pH 5.5). The amount of 8-OHdG was determined
Statistical analysisby connecting an EC detector (Bioanalytical Systems,
West Lafayette, IN, USA) to the HPLC according to Data are expressed as mean values 6 SD. Serum ferri-
tin values were not normally distributed and reportedthe method described by Shigenaga et al [34]. Deoxygua-
nosine (dG; Sigma Chemical Co., St. Louis, MO, USA) as geometric mean with range. One-way analysis of vari-
ance followed by post hoc Bonferroni test was used forand 8-OHdG (Cayman, Ann Arbor, MI, USA) were
used as standards. The 8-OHdG level is expressed as the comparison of data from more than two groups. Stu-
dent’s t-test was used for comparison of data from twonumber of 8-OHdG molecules per 106 dG. Coefficients of
variance (CV) of the assay were determined by repeated groups and Pearson’s chi-square test for frequency mea-
sures. The relationships between leukocyte 8-OHdGanalyses (N 5 10) of low (normal) and high (uremic)
sample pools. Intra-assay CV ranged from 4 to 9% and content and the potentially explanatory continuous vari-
ables were analyzed by Pearson correlation. Spearmaninter-assay CV from 5 to 12%, where the lower numbers
refer to the CV for the high standard and the higher rank correlation was used for analysis of correlation be-
tween leukocyte 8-OHdG content and serum ferritinnumbers refer to the CV for the low standard.
level, which was transformed by natural logarithm. For-
Flow cytometric analysis of intracellular ROS ward stepwise multiple regression analysis was per-
production of granulocytes formed using the 8-OHdG level in leukocyte DNA as
Blood samples were drawn into heparinized vacu- the dependent variable. The independent effect of each
tainer tubes before dialysis and then from the efferent explanatory variable on the dependent variable was as-
line to the dialyzer at 15 and 30 minutes after the dialysis. sessed with three dummy variables as indicators of the
Two 100 mL aliquots of each sample were analyzed for type of membrane. The cellulose membrane, a reference
ROS production: one at baseline and the other after category, was equal to zero corresponding to all three
activation with phorbol-12-myristate-13-acetate (PMA). dummy variables. Those dummy variables were forced
Leukocytes were harvested from blood samples after into the regression equation before testing other vari-
lysis of RBCs by a lysis solution (0.15 mol/L NH4 Cl, 10 ables and could not be removed. An explanatory variable
mmol/L NaHCO3 and 10 mmol/L EDTA, pH 7.4). After was considered as having an independent effect on leu-
centrifugation for 10 minutes at 350 3 g and 48C, leuko- kocyte 8-OHdG level if it led to a statistical significance
cyte pellet was suspended in 1.5 mL of Hanks’ balanced in R square change statistics. A within-group comparison
salt solution (HBSS; pH 7.3). Cell viability was deter- among baselines and the values at four and eight weeks
mined by trypan blue exclusion. Leukocytes were then after exchange of dialysis membrane were analyzed by
incubated at 378C for five minutes with 1.5 mL of 20 analysis of variance (ANOVA) for repeated measures,
mmol/L 29,79-dichlorofluorescin diacetate (DCFH-DA; followed by pair-wise multiple comparison. Statistical
Molecular Probes, Eugene, OR, USA) and for an addi- analysis was performed using the computer software Sta-
tional 15 minutes with 1.5 mL of 10 mmol/L of hydro- tistical Package of Social Science (SPSS 8.0, 1997; SPSS
ethidine (HE; Molecular Probes). After labeling, leuko- Inc., Chicago, IL, USA). A P value of less than 0.05 was
cytes were incubated for 30 minutes at 378C in the considered statistically significant.
presence or absence of 100 ng/mL of PMA (Sigma Chem-
ical Co.). Total leukocytes were subjected to flow cytom-
RESULTSetry analysis (FACSortt; Becton-Dickinson, San Jose,
The characteristics of the four groups of patients inCA, USA) for measurement of intracellular ROS pro-
the cross-sectional study are listed in Table 1. The fourduction by granulocytes [35]. Granulocyte population
groups did not differ significantly from one another inwas determined by gating on a forward scatter (FSC)
terms of age, gender, percentage of diabetes, and dura-and side scatter (SSC) dot plot as described previously
tion of prior dialysis. Daily intakes of vitamins C and E[6]. Intracellular productions of O22x and H2O2 were
were comparable among the patients in four groups. Theexpressed as mean fluorescence of ethidium bromide
plasma ascorbate level was similar in the four groups,(EB; a product generated from oxidation of HE by
but mean values of plasma a-tocopherol and blood lipid-O22x and fluoresces after binding to nucleic acid) and
adjusted plasma a-tocopherol were significantly lower29,79-dichlorofluorescein (DCF; a product liberated from
DCFH-DA by intracellular esterases and fluoresces after in the cellulosic group. Serum levels of ferritin and iron
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Table 1. Characteristics of the four groups of hemodialysis patients dialyzed with different membranes
Cellulosic PMMA PS CL-E ANOVA
N 5 41 N 5 25 N 5 20 N 5 24 P value
Age years 60616 59615 61614 60615 0.962
Male N (%) 17 (41) 10 (40) 9 (45) 8 (33) 0.876d
Diabetes mellitus N (%) 7 (17) 9 (36) 5 (25) 8 (33) 0.339d
Time on HD months 32625 34621 29618 26620 0.453
Vitamin C intake mg/day 1306110 128699 1336107 1356113 0.872
Vitamin E intake mg/day 6.065.4 5.562.5 5.763.1 5.663.9 0.653
8-OHdG/106 dG 30.4616.6 20.068.9a 18.669.4a 16.867.6a ,0.001
Ascorbate mg/L 15.269.8 15.9610.9 16.368.3 16.167.5 0.146
a-Tocopherol mg/L 12.268.7 21.569.3a 25.369.9a 24.768.1a ,0.001
a-Tocopherol/lipid mg/g 2.9261.54 3.9860.84a 4.4460.94a 5.2861.16a,b ,0.001
Ferritin lg/L 771 (225–2355) 414 (28–2899)a 580 (269–2362) 157 (28–1230)a,b,c 0.001
Serum iron lg/dL 87632 64618a 73618 63615a,c 0.001
Transferrin saturation % 42617 35619 41610 36613 0.067
Abbreviations are: PMMA, polymethylmethacrylate; PS, polysulfone; CL-E, vitamin E-coated multi-layer cellulose; 8-OHdG, 8-hydroxy 29-deoxyguanosine; dG,
deoxyguanosine; HD, hemodialysis. Ferritin values are reported as geometric mean with range; other continuous variables are reported as means 6 SD.
a P , 0.05 vs. Cellulosic group
b P , 0.05 vs. PMMA group
c P , 0.05 vs. PS group
d P values are from Pearson’s Chi-square test
Table 3. Independent predictors of 8-OHdG content in leukocyteTable 2. Univariate analysis of the relationship between leukocyte
8-OHdG level and potentially explanatory continuous variables DNA in hemodialysis patients
Regression 95% ConfidenceVariable r P value
Variable coefficient SEM interval P value
Ascorbate 20.151 0.177
a-Tocopherol 20.379 ,0.001 Membrane typea
PMMA membrane 24.38 1.96 [28.28, 20.49] 0.028a-Tocopherol/lipid 20.489 ,0.001
Serum ferritina 0.168 0.108 PS membrane 28.27 2.17 [212.59, 23.95] ,0.001
CL-E membrane 210.28 2.42 [215.17, 25.53] ,0.001Serum iron 0.366 ,0.001
Transferrin saturation 0.252 0.015 Serum iron 0.15 0.04 [0.07, 0.24] 0.001
a-Tocopherol/lipid 23.13 0.96 [25.04, 21.21] 0.007Age 0.108 0.348
HD duration 0.025 0.812 Abbreviations are: 8-OHdG, 8-hydroxy 29-deoxyguanosine; PMMA, poly-
methylmethacrylate; PS, polysulfone; CL-E, vitamin E-coated multi-layer cellu-Abbreviations are: 8-OHdG, 8-hydroxy 29-deoxyguanosine; HD, hemodial-
lose.ysis.
a Three dummy variables were assigned as indicators of the type of membrane.a Univariate analysis was performed using Spearman rank correlation, because
The cellulose membrane, as a reference category, was equal to zero correspond-serum ferritin values are not normally distributed and are thus transformed by
ing to all three dummy variablesnatural logarithm
in the model (Table 3). The data confirmed the results ofwere the highest in the cellulosic and PS groups, followed
previous analysis: the higher the serum iron and the lowerby the PMMA group and by the CL-E group (P 5 0.001).
the blood lipid-adjusted plasma a-tocopherol, the greaterThe 8-OHdG level in leukocyte DNA was equally lower
the oxidative damage to leukocyte DNA.in the CL-E, PMMA, and PS groups and was significantly
To evaluate the activated oxygen metabolism of gran-higher in the cellulosic group (P , 0.001). 8-OHdG in
ulocytes after contact of dialysis membrane, intracellularcontrols was 4.6 6 1.1/106 dG and was significantly lower
ROS production of granulocytes was analyzed by flowthan any group of HD patients (P , 0.001).
cytometry in the four groups. PMA stimulation increasedUnivariate analysis disclosed that the 8-OHdG level
both DCF and EB fluorescence almost linearly up toof leukocyte DNA significantly had a negative correla-
20 minutes (data not shown). Thus, we determined thetion with plasma a-tocopherol and blood lipid-adjusted
fluorescence intensity for both DCF and EB at 20 min-plasma a-tocopherol, as well as a positive correlation
utes after PMA stimulation, and the difference in thewith serum iron and percentage of transferrin saturation.
mean fluorescence between stimulated and unstimulatedNeither plasma ascorbate, serum ferritin level, age, nor
cells was defined as PMA-induced ROS production. Pre-HD duration prior to the study was correlated with the
dialysis DCF and EB fluorescence of unstimulated gran-leukocyte 8-OHdG level (Table 2). Forward stepwise
ulocytes was not significantly different among the fourmultiple regression showed that membrane type, blood
groups (Fig. 1). Granulocyte fluorescence markedly in-lipid-adjusted plasma a-tocopherol, and serum iron were
creased at 15 minutes after initiation of dialysis withthe three independent determinants of 8-OHdG content
of leukocyte DNA after adjustment for the other variables cellulose membrane as compared with predialysis values
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Fig. 1. Intracellular production of H2O2 (29,79dichlorofluorescin; DCF) Fig. 2. Increased production of H2O2 (DCF) and O2x2 (EB) in granulo-
cytes by PMA stimulation. The difference in the mean fluorescenceand O2x2 (ethidium bromide; EB) of unstimulated granulocytes. Blood
samples were obtained before dialysis and at 15 and 30 minutes after between stimulated and unstimulated cells was defined as PMA-induced
fluorescence increase. Blood samples were obtained before dialysis andinitiation of dialysis from 12 patients in each group using dialyzers
equipped with cellulose (h), polymethylmethacrylate (PMMA; ), at 15 and 30 minutes after initiation of dialysis from 12 patients in each
group using dialyzers equipped with the cellulose (h), PMMA ( ), PSpolysulfone (PS; ), and vitamin E-modified regenerated cellulose
(CL-E; j) membranes, respectively. Brackets indicate SD. *P , 0.05 ( ), and vitamin E-modified regenerated cellulose (CL-E; j) mem-
branes, respectively. Brackets indicate SD. *P , 0.05 vs. predialysis;vs. predialysis; **P , 0.01 vs. predialysis; †P , 0.05 vs. cellulose mem-
branes. **P , 0.01 vs. predialysis; †P , 0.05 vs. cellulose membranes.
fluorescence increases of DCF and EB in the threeand remained elevated at 30 minutes after initiation of
dialysis (mean DCF fluorescence from 41 6 19 predial- groups were significantly higher than the cellulosic group
at 15 and 30 minutes of the dialysis, respectively. Theysis to 104 6 34 at 15 min and 74 6 28 at 30 min; mean
EB fluorescence from 61 6 19 predialysis to 126 6 35 DCF fluorescence increase notably declined at 15 and
30 minutes after the initiation of dialysis with celluloseat 15 min and 145 6 40 at 30 min, P , 0.001). However,
the mean fluorescence in the other three groups signifi- membrane as compared with predialysis values (from
147 6 29 predialysis to 43 6 28 at 15 min and 76 6 36cantly increased at 15 minutes of the dialysis and re-
turned to approximate predialysis levels at 30 minutes at 30 min, P , 0.001; Fig. 2A).
To confirm further the dialysis membrane effect onof the dialysis. Mean DCF and EB fluorescence in the
three groups was significantly lower as compared with 8-OHdG level of leukocyte DNA, a crossover study was
performed in 66 chronic HD patients (Table 4). Thethose in the cellulosic group at 15 and 30 minutes of the
dialysis, respectively. Predialysis DCF and EB fluores- 8-OHdG level of leukocyte DNA significantly fell by
33% at four weeks and by 41% at eight weeks aftercence increases induced by PMA were also similar in
the four groups (Fig. 2). In contrast, the PMA-induced cellulose membrane was switched to CL-E membrane.
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Simultaneously, blood lipid-adjusted plasma a-tocopherol
increased by 16 and 42% after four- and eight-week treat-
ment with the CL-E dialyzer, respectively. Treatment
with PMMA or PS dialyzer also significantly decreased
the 8-OHdG levels of leukocyte DNA at four and eight
weeks; however, blood lipid-adjusted plasma a-toco-
pherol significantly increased by 18% after an eight-week
treatment with PMMA dialyzer and 27% with PS dia-
lyzer, and mean values were lower as compared with the
treatment with the CL-E dialyzer. In contrast, after
CL-E, PMMA, or PS dialyzer switching to cellulose
membrane, 8-OHdG levels of leukocyte DNA signifi-
cantly rose at four and eight weeks, respectively. The
blood lipid-adjusted plasma a-tocopherol level progres-
sively decreased at the same time profile. Serum ferritin
and iron levels and daily intake of vitamin E were compa-
rable among the subgroups and did not significantly
change during the study period (data not shown).
DISCUSSION
The most compelling observation of this study is that
the 8-OHdG level of leukocyte DNA was significantly
reduced in patients dialyzed with CL-E membrane as
compared with those treated with cellulose membrane.
The finding that 8-OHdG level was equally lower in
patients dialyzed with CL-E and synthetic membranes
(PMMA and PS) is also remarkable and rather unpre-
dictable. The observed difference cannot be accounted
for by differences in plasma a-tocopherol level, blood
lipid-adjusted plasma a-tocopherol, and serum ferritin
and iron concentrations (Table 1). Actually, stepwise
multivariate regression analysis illustrates a major, inde-
pendent effect of dialysis membrane type on 8-OHdG
level in leukocyte DNA. The prospective crossover study
further showed that the 8-OHdG level was significantly
decreased after the switch of cellulose membrane to
CL-E and synthetic membranes and dramatically in-
creased after the shift of CL-E or synthetic membrane
to cellulose membrane for eight weeks. Our data sub-
stantiated the effect of dialysis membrane on the forma-
tion of 8-OHdG in leukocytes.
Granulocyte oxygen metabolism is augmented be-
cause of activation of granulocytes by contact with the
bioincompatible membrane in vivo [5, 6]. Like the com-
plement nonactivating synthetic membranes (Fig. 1), the
granulocyte ROS production, analyzed by flow cytome-
try, was less strengthened during dialysis with CL-E
membrane in comparison with the cellulose membrane.
Our data imply that leukocytes of the HD patients are
useful to monitor changes in the 8-OHdG level of cellular
DNA, since they are both the source of ROS and the
target of endogenously produced free radicals. The pres-
ent study also corroborates our previous findings that
T
ab
le
4.
C
ha
ng
es
of
8-
O
H
dG
co
nt
en
t
in
le
uk
oc
yt
e
D
N
A
an
d
pl
as
m
a
a
-t
oc
op
he
ro
l
ad
ju
st
ed
fo
r
to
ta
l
bl
oo
d
lip
id
in
th
e
cr
os
so
ve
r
st
ud
y
8-
O
H
dG
/1
06
dG
a
-T
oc
op
he
ro
l/l
ip
id
m
g/
g
B
as
el
in
e
4
w
ee
ks
8
w
ee
ks
B
as
el
in
e
4
w
ee
ks
8
w
ee
ks
C
el
lu
lo
se
m
em
br
an
es
sh
if
te
d
to
3
ki
nd
s
of
m
em
br
an
es
C
el
lu
lo
se
!
P
M
M
A
,N
5
11
30
.6
6
17
.2
21
.5
6
13
.3
a
(2
30
%
)
19
.0
6
9.
8b
(2
38
%
)
3.
50
6
1.
75
3.
53
6
1.
17
c
(1
1%
)
4.
14
6
0.
77
a,
c
(1
18
%
)
C
el
lu
lo
se
!
P
S,
N
5
11
31
.7
6
19
.1
21
.9
6
13
.6
a
(2
31
%
)
18
.6
6
8.
7b
(2
41
%
)
3.
40
6
1.
36
3.
48
6
1.
21
c
(1
2%
)
4.
32
6
0.
96
a,
c
(1
27
%
)
C
el
lu
lo
se
!
C
L
-E
,N
5
12
29
.1
6
14
.7
19
.6
6
9.
7a
(2
33
%
)
17
.1
6
9.
0b
(2
41
%
)
3.
85
6
0.
99
4.
45
6
0.
68
a
(1
16
%
)
5.
44
6
1.
39
b
(1
42
%
)
T
hr
ee
ki
nd
s
of
m
em
br
an
es
sh
if
te
d
to
ce
llu
lo
se
m
em
br
an
es
P
M
M
A
!
C
el
lu
lo
se
,N
5
10
18
.5
6
7.
4
21
.5
6
9.
7a
(1
16
%
)
29
.4
6
15
.1
b
(1
59
%
)
4.
03
6
0.
94
d
3.
28
6
0.
79
a
(2
19
%
)
2.
98
6
1.
41
a
(2
26
%
)
P
S
!
C
el
lu
lo
se
,N
5
11
17
.1
6
8.
2
19
.3
6
7.
4a
(1
13
%
)
28
.0
6
11
.7
b
(1
64
%
)
4.
28
6
0.
83
d
3.
40
6
0.
50
a
(2
21
%
)
3.
14
6
1.
20
a
(2
27
%
)
C
L
-E
!
C
el
lu
lo
se
,N
5
11
17
.8
6
7.
7
22
.9
6
8.
9a
(1
29
%
)
29
.6
6
13
.7
b
(1
66
%
)
5.
15
6
0.
84
3.
14
6
0.
61
b
(2
39
%
)
3.
03
6
1.
42
b
(2
41
%
)
A
bb
re
vi
at
io
ns
ar
e:
P
M
M
A
,p
ol
ym
et
hy
lm
et
ha
cr
yl
at
e;
P
S,
po
ly
su
lf
on
e;
C
L
-E
,v
it
am
in
E
-c
oa
te
d
m
ul
ti
-l
ay
er
ce
llu
lo
se
;8
-O
H
dG
,8
-h
yd
ro
xy
29
-d
eo
xy
gu
an
os
in
e;
dG
,d
eo
xy
gu
an
os
in
e.
D
at
a
in
pa
re
nt
he
se
s
in
di
ca
te
th
e
pe
rc
en
ta
ge
in
cr
ea
se
or
de
cr
ea
se
in
co
m
pa
ri
so
n
w
it
h
ba
se
lin
es
.
a
P
,
0.
05
vs
.b
as
el
in
es
b
P
,
0.
01
vs
.b
as
el
in
es
c
P
,
0.
05
vs
.C
el
lu
lo
se
!
C
L
-E
d
P
,
0.
05
vs
.C
L
-E
!
C
el
lu
lo
se
the increase of 8-OHdG level in leukocyte DNA is a
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consequence of uremia, which is further amplified by correlation between 8-OHdG, iron, and vitamin E levels.
To the best of our knowledge [42, 43], the present studymembrane bioincompatibility (unpublished observa-
tion). As shown from multivariate regression analysis in is the first to show the additional effect on leukocyte
DNA against oxidative damage by the vitamin E boundall HD patients, plasma iron and a-tocopherol adjusted
for blood lipid were the other two independent determi- to the CL-E membrane.
Investigators suggested the analysis of 8-OHdG in leu-nants of 8-OHdG content in leukocyte DNA. Iron is a
cellular transition element, and its ionic forms are prone kocyte DNA as a potential tool to assess cancer risk in
human ROS-mediated diseases [21, 22]. 8-OHdG hasto participate in one-electron transfer reactions. How-
ever, this capacity enables iron to generate free radicals been shown to cause G-to-T transversions and induce
in vivo and in vitro mutations [44, 45]. Oxidants fromas well. The very reactive hydroxy radicals, induced by
the Fenton reaction or the Haber-Weiss reaction, may metabolic activity of granulocytes in HD patients can
damage nucleic acid, generating lesions that appear tofracture DNA and initiate peroxidation of membrane
lipids. It is well known that metabolism of iron and the contribute to cancer. Intriguingly, HD patients have a
significantly higher cancer prevalence than general popu-production of hydroxyl radicals are intimately related to
the level of oxidative DNA damage [36–38]. Therefore, a lation [4]. Some researchers hypothesized that mem-
brane bioincompatibility may influence the incidence ofcombination of iron overload and increased intracellular
production of ROS in granulocytes, like H2O2 and O2x2 , malignancy in HD patients [14, 46]. The beneficial effect
of vitamin E against cancer development is encouragingmay result in enhanced oxidative damage to leukocyte
DNA in patients dialyzed with the cellulose membrane. but variable and thus confusing [27, 47, 48]. Therefore,
further studies are needed to investigate whether a de-In the prospective crossover study, we also explored
the in vivo effect of dialysis membrane on the blood crease of oxidative DNA damage can reduce the inci-
dence of cancer in ESRD patients on long-term treat-vitamin E defense. Taken collectively, plasma a-toco-
pherol was significantly preserved by the shift from cellu- ment with the CL-E dialyzer.
The activation of redox metabolism in granulocyteslose membrane to CL-E and synthetic membranes. The
protective effect of CL-E membrane was superior to by phorbol esters can be used as a reliable index of in
vitro leukocyte function [49]. Obviously, exposure tosynthetic membranes (Table 4). Along with flow cytome-
tric analysis, the consumption of antioxidants such as cellulose membranes impaired intracellular ROS pro-
duction of granulocytes in response to PMA challengevitamin E can also be used to assess the free radical
formation during the dialysis. Besides the suppressive as compared with exposure to synthetic membranes (Fig.
2). This defect is most notable at 15 minutes after initia-effect on the induction of ROS formation, the vitamin
E bound to the CL-E membrane surface acts as an exoge- tion of dialysis. Our data are compatible with two recent
studies [6, 50]. Repetitive exposure to bioincompatiblenous a-tocopherol, which interacts with a complex anti-
oxidant system in the plasma, like ascorbate and reduced membranes may contribute to the defective granulocyte
response to soluble and particulate stimuli. The acquiredglutathione, to protect cellular constituents from oxida-
tive damage. The dual effects of CL-E dialyzer not only defect in leukocyte function can reduce host defense
mechanism and increase the susceptibility to infections.offer an opportune protection against ROS at the gener-
ation site by activated granulocytes, but also lead to a To date, infection is still a leading cause of morbidity
and mortality in patients on chronic HD [14]. This studyreduced consumption of endogenous vitamin E.
The anticipated reduction of lipid peroxidation in showed that treatment with CL-E dialyzer improved re-
sponsiveness of leukocytes to the mitogen PMA. There-plasma and RBC membranes after treatment with the
CL-E dialyzer was observed by Buoncristiani et al [17] fore, it brings bright prospects for the ESRD patients
on chronic HD.and Galli et al [18]. Vitamin E has also been shown to
reduce fragmentation and base modification of DNA in In summary, on account of vitamin E bound to mem-
brane surface, CL-E membrane displays both biocom-various experimental models [23–25, 39]. Some investi-
gators disclosed that vitamin E is distributed evenly in patible and bioactive characteristics that make it better
than the conventional cellulose membrane. Like the syn-nuclear fraction in a dose-dependent manner following
supplementation [40]. Prevention of DNA oxidation can thetic membranes, CL-E dialyzer can suppress ROS pro-
duction by granulocytes after in vivo blood–membranebe ascribed to its antioxidant property. Moreover, oxida-
tive DNA adducts may be formed indirectly. The peroxi- contact, timely scavenge ROS at the site of their genera-
tion, dramatically reduce oxidative DNA damage, anddation of leukocyte membrane/organelle lipids results in
various aldehyde breakdown products, such as malondi- improve leukocyte responsiveness to PMA stimulation.
The latter two effects may be prospective to reduce canceraldehyde and 4-hydroxynonenal, that are able to form
covalent mutagenic adducts [41]. The latter species in incidence and improve immune function against infectious
morbidity and mortality. Large-scale, prospective and con-the presence of a defective vitamin E protection and the
contribution of iron-heme complexes may explain the trolled studies are needed to assess the outcome of cancer
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E supplementation in hemodialysis patients: Effects on peripheraland infection risks in the long term treatment with CL-E
blood mononuclear cells lipid peroxidation and immune response.
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